In fertilized mouse eggs, de novo transcription of embryonic genes is first observed during the S phase of the one-cell stage. This transcription, however, is mostly limited to the male pronucleus and possibly uncoupled from translation, making the functional meaning obscure. We found that one-cell mouse embryos respond to the osmotic shock of in vitro isolation with migration of HSF1, the canonical stress activator of mammalian heat shock genes, to pronuclei and by transient transcription of the hsp70.1, but not hsp70.3 and hsp90, heat shock genes. Isolated growing dictyate oocytes also display a nuclear HSF1 localization, but, in contrast with embryos, they transcribe both hsp70.1 and hsp70.3 genes only after heat shock. Intranuclear injection of double-stranded oligodeoxyribonucleotides containing HSE, GAGA box or GC box consensus sequences, and antibodies raised to transcription factors HSF1, HSF2, Drosophila melanogaster GAGA factor, or Sp1 demonstrated that hsp70.1 transcription depends on HSF1 in both oocytes and embryos and that Sp1 is dispensable in oocytes and inhibitory in the embryos. Hsp70
INTRODUCTION
Fertilization in mammals activates a developmental clock that leads the newly formed embryo to progressively shift from the maternal to the zygotic genome expression (zygotic genome activation, ZGA). In the mouse, this process is initiated very soon after fertilization and de novo synthesis of RNA is consistently observed for the first time during the S phase of the one-cell stage [1, 2] . Mouse zygotes, in fact, are transcriptionally competent and their transcriptional machinery, including RNA polymerases I, II, and III [3] , is functional [2, [4] [5] [6] [7] . Transcription at this stage, however, has several peculiar features that make it very different from that which will occur after the first embryo cleavage. In fact, it takes place while the zygotic genome has not yet been assembled into chromatin, as originally indicated by the finding that plasmids injected in the male pronucleus of one-cell embryos are transcribed irrespective of the presence of an enhancer [8] , unless the DNA is assembled into chromatin by injection of purified H1 histones [9] . In addition, transcription is more prominent in the male pronucleus than in the female one [2, 10] , in agreement with the higher levels of hyperacetylated H4 histones [11] and DNA demethylase activity [12] present in this pronucleus. It is also temporally and causally linked to DNA replication, appearing at the onset of the first embryonic S phase and being strongly decreased by inhibition of DNA synthesis with aphidicolin [2] . An intriguing feature of onecell embryo transcription is that it is possibly uncoupled from translation until the first embryonic G2 phase [13, 14] , while it does not appear that nascent RNA chains are rapidly degraded and/or display splicing deficiencies [15, 16] . Even though such transcription-translation uncoupling does not have a known molecular basis, it raises the question of the functional significance of the one-cell embryo's transcriptional activity. In this regard, it has been proposed that the expression of one-cell embryo genes is opportunistic and promiscuous [17, 18] and, thus, that it is merely dependent on unregulated transcription factor accessibility to open male gene promoters during protamine-histone exchange.
During the G2 phase of the one-cell stage and/or the transition to the two-cell stage, the male and female genomes equally undergo a process of generalized assembly into chromatin, concomitant with the de novo synthesis of histones H2A, H2B, and H1 [19] and extensive histone H4 deacetylation [11] , which eventually results in the appearance of novel locally acting mechanism(s) of chromatin remodeling at the early two-cell stage [20] . At this stage, in fact, expression of plasmids driven by a weak promoter requires the presence of an enhancer, unless the embryo chromatin is opened by histone deacetylase inhibitors [2, 21, 22] . The process of zygotic genome packaging into chromatin then continues through the two-cell stage and is accompanied by the progressive appearance of more and more stringent transcriptional regulation mechanism(s) [18] , that is virtually completed by the four-cell stage. The early two-cell stage, however, marks the onset of diploid embryo genome activation with the transcription of a limited set of zygotic genes. Some of these genes, including the transcription-requiring complex [23] , the heat shock genes hsp70.1 [14, 24] and hsp25 [25] , the translation initiation factor eIF-2A [26] , and a few others, are expressed transiently, whereas other genes, including the RING finger protein genes Rnf33 and Rnf35 [18] and the Mhc gene [27] , continue to be expressed during subsequent early embryo development. Among the early and transiently activated genes, previous work performed in our laboratory was fo-cused on the transcriptional regulation of hsp70.1 in the early two-cell embryos. We demonstrated that the spontaneous expression of this gene at this developmental stage is driven by transcription factor Sp1 and a murine GAGA box-binding factor (mGAF), whereas heat shock factor 1 (HSF1) is likely to be responsible for a stress-elicited hyperactivation of the endogenous hsp70.1 genes in the in vitro-cultured embryos [20] . Heat shock-dependent activation of hsp70 was also reported in two-cell bovine embryos [28] .
In contrast with the information presently available on embryo transcriptional regulation taking place after the zygotic genome has been assembled into chromatin, molecular mechanisms that regulate the transient transcriptional wave occurring in the one-cell embryos are still unknown. In this article, we have addressed this issue by taking advantage of the unexpected finding that, in addition to the spontaneous expression at the early two-cell stage, the hsp70.1 gene is also transiently transcribed in the in vitrocultured, but not the in vivo-maintained, one-cell mouse embryo. We have compared the molecular regulation of hsp70.1 in the one-cell embryos with that occurring in heatshocked dictyate oocytes derived from preantral ovarian follicles [29] and report here that the hsp70.1 activation in one-cell embryos is mediated by HSF1 and is triggered by the osmotic stress to which embryos are subject in consequence of isolation from the tubal fluid environment. As far as we know, hsp70.1 thus represents the earliest endogenous gene physiologically expressed after fertilization that has been identified in mammals. The tight regulation of hsp70.1 at the one-cell stage indicates that stringent transcriptional regulation mechanisms are already present very soon after fertilization.
MATERIALS AND METHODS

Animals
Growing and full-grown ovarian oocytes at the dictyate stage of meiosis were obtained from ovaries of 12-to 14-day old and of eCG-treated, 40-to 60-day old Swiss-CD1 female mice, respectively. Preimplantation embryos were routinely obtained by crossing eCG-hCG-primed B6D2F1 females with B6D2F1 males. All mice were from Charles River Italia (Calco, Italy) or bred from their stocks in our colony. Experimental protocols and procedures were approved by the Ministry of Public Health, Rome, Italy. Animals were treated in accordance with La Sapienza University Guidelines for the Care and Use of Laboratory Animals.
Oocyte and Embryo Isolation and Heat Shock
Growing/full grown ovarian oocytes at the dictyate stage of meiosis were isolated from surrounding granulosa/cumulus cells by pricking preantral/antral ovarian follicles with a needle in the presence of medium M2 and were then transferred to drops of medium M16 [30] under paraffin oil with an atmosphere of 5% CO 2 in air. M2 and M16 media were supplemented with 2 mg/ml bovine serum albumin (BSA) and, in the case of maturation competent oocytes, with 200 M dibutyril cAMP (M2/M16-cAMP). One-cell embryos were routinely collected from the tubes of mated females 11-12 h postfertilization (p.f.), taking midnight after mating as fertilization time, and deprived of surrounding cumulus cells with hyaluronidase. Cell cycle phases were determined by relative pronuclei distance [11] . For the heat shock, isolated oocytes/embryos were transferred to 0.5 ml of M2 in a plastic tube, incubated at 43ЊC for 30 min in a precision water bath. and then further transferred at 37ЊC for 30 min in M16 to allow cell recovery and transcription of heat shock genes [29] .
Determination and Modification of Tubal Fluid Osmolarity and Embryo Culture in the Presence of Normal/Experimentally Modified Tubal Fluid
Tubal fluid osmolarity was determined on fluids obtained from 25 superovulated and mated female mice. To this purpose, dissected oviducts were submerged into paraffin oil and then torn with a sharp needle to release their tubal fluid-embryo content. Tubal fluids from different tubes were aspirated by a mouth-controlled micropipette, pooled, and centrifuged to remove cells and debris, obtaining a total volume of 35 l. For osmolarity determination, the 35-l volume was diluted to 70 l with embryo-quality water (Sigma, St. Louis, MO) and then assayed using a 13/13DR-Autocal freezing-point microsmometer (Roebling, Berlin, Germany).
In the experiments of in vitro culture, embryos were constantly maintained within their intact cumulus and in the presence of their own tubal fluid, with the only addition of fluid from other tubes, as needed to bring the total drop volume to 5 l (determined by visual comparison with a 5-l drop of medium). Under this condition, one-cell embryos developed normally to the two-cell stage, but did not cleave to four cells, suggesting that the tubal fluid of one-cell embryos is not able to support the in vitro development beyond the two-cell stage. It is still to be determined whether this is due to an actual change in tubal fluid composition during embryo development and progression through the tube and/or a tubal-fluid alteration caused by the fluid maintenance in vitro under oil for more than 24 h.
Intranuclear Microinjection of Double-Stranded Oligodeoxyribonucleotides and Antibodies and Reverse Transcription-Polymerase Chain Reaction Assays
Intranuclear microinjections of double-stranded oligodeoxyribonucleotides and antibodies were performed as previously described [20] . Briefly, double-stranded oligodeoxyribonucleotides carrying appropriate consensus sequences were dissolved in 10 mM Tris, 0.1 mM EDTA, pH 7.4 (TE), and injected into the germinal vesicle of growing ovarian oocytes or the male pronucleus of one-cell embryos, as previously described [20] . Antibodies were first microdialyzed against TE through MF filters (Millipore, Rome, Italy) and diluted to a final concentration of approximately 250 ng/ l. Rabbit polyclonal antisera raised to recombinant mouse HSF1 and HSF2 polypeptides and preimmune sera [31] and to Drosophila melanogaster GAGA factor (dGAF) were generous gift of Drs. V. Zimarino (DI-BIT-San Raffaele Scientific Institute, Milan, Italy) and C. Wu (National Cancer Institute, National Institutes of Health, Bethesda, MD), respectively. FITC-conjugated anti-rabbit IgG were from Sigma (Sigma-Aldrich, Milano, Italy).
For determinations of qualitative hsp70. 1, hsp70.3, hsp90 , and S16 mRNAs in oocytes and one-cell embryos, reverse transcription-polymerase chain reaction (RT-PCR) amplifications were routinely performed on total RNA extracted from pools of 80 oocytes or embryos by using the TRIzol reagent (Invitrogen, Milano, Italy) and adding 1 g/tube glycogen (Roche Diagnostic, Monza, Italy) as carrier. DNase I-treated RNA was reverse transcribed by using SuperScript RNase H Ϫ reverse transcriptase and random hexamer primers (Invitrogen) according to manufacturer's instructions. PCR amplifications were performed using the Advantage 2 Polymerase Mix (BD Clontech, Milano, Italy) and 5 Ci [␣-32 P]dCTP (NEN DuPont Italiana, Cologno Monzese, Italy) as tracer, with a first denaturation step at 95ЊC for 2 min and 30 cycles of the following steps: denaturation at 95ЊC for 30 sec, annealing at 58ЊC for 30 sec, and elongation at 68ЊC for 55 sec. Primer pairs were hsp70.1 (amplification fragment, 291 base pairs [bp]), 5Ј-TGCTTGGGCACCGATTACTGTCAAGG-3Ј (2793-2818 nucleotides [nt], sense), 5Ј-GGCAGCTAGACTATATGTCTTCCC AGGCTACTG-3Ј (3053-3084 nt, antisense); hsp70.3 (amplification fragment, 230 bp), 5Ј-AGATATGTGGCCTTGAGGACTGTCATTATTTC-3Ј (531-562 nt, sense), 5Ј-CAAATCACATCAGCGGGGCAGTGCTGAAT TG-3Ј (731-761 nt, antisense), according to Dix et al. [32] with minor modifications; hsp90 (amplification fragment, 304 bp), 5Ј-CATCA-AGTTGTATGTTCGC-3Ј (1343-1361 nt, sense), 5Ј-GCTCTGAAAGCT TCTTCCG-3Ј (1629-1647 nt, antisense); S16 (amplification fragment, 103 bp), 5Ј-AGGAGCGATTTGCTGGTGTGG-3Ј (1451-1471 nt, sense), 5Ј-GCTACCAGGGCCTTTGAGATGGA-3Ј (1621-1641 nt, antisense).
In the case of semiquantitative hsp70.1 determinations during one-cell embryo development and in injected oocytes and embryos, RT-PCR reactions were performed on groups of five oocytes or embryos, taking the S16 ribosomal protein mRNA as internal standard, as previously described [33] . The rationale for using the S16 mRNA as internal standard comes from the finding that the cellular amount of this message progressively increases during early oocyte growth according to the developmental pattern of ribosomal protein synthesis during mouse oogenesis [34] but does not significantly vary in late growing, full grown, and maturing oocytes and in the early cleaving embryos, as previously described [33] . Under our experimental conditions, S16 mRNA was amplified linearly for at least 40 PCR cycles [33] . 
Immunolocalization
All incubations were routinely performed at room temperature. Oocytes and embryos were rapidly deprived of the zona pellucida by a brief treatment with acidic Tyrode solution [35] and then fixed with 2.4% paraformaldehyde in M2 without BSA for 1 h. Fixed cells were incubated for 3 h in PBS containing 0.1 M glycine and 0.3 mg/ml BSA and then permeabilized with PBS containing 0.1% Triton X-100 for 15 min, washed in PBS supplemented with 1 mg/ml BSA (PBS-BSA), and eventually processed for immunostaining. Antibodies were dissolved in PBS-BSA. Incubation with the first antibody was carried out overnight. Cells were then thoroughly washed with PBS-BSA and incubated for 1 h in the presence of the secondary antibody. Rabbit polyclonal antisera to mouse HSF1 and HSF2 were diluted 1:500 and FITC-conjugated anti-rabbit IgGs were diluted 1:200.
RESULTS
Mid-One-Cell Embryos Respond to Isolation from the In Vivo Environment by Nuclear Migration of HSF1
Studying the intracellular localization of heat shock factors HSF1 and HSF2 during mouse preimplantation development, we found that, when mid-one-cell embryos were fixed within the Fallopian tubes, HSF1 had a cytoplasmic localization and was fully absent from pronuclei (Fig. 1A) , as expected for unstressed mammalian cells [36, 37] . Unexpectedly, however, we also noticed that, if the embryos were isolated from their tubal environment and then maintained in vitro for 20-30 min under standard culture conditions (i.e., drops of BSA-supplemented medium under paraffin oil with an atmosphere of 5% CO 2 in air) before fixation, HSF1 was sharply localized to both pronuclei, irrespectively of the cell cycle phase at which the isolation had been done (Fig. 1B) . A similar phenomenon was also observed in two-cell embryos (data not shown). Because this finding suggested that the in vitro isolated embryos had somehow undergone a stress, we investigated the nature of this stress by different experimental conditions.
We first evaluated the effect of a mild oxidative stress, by tearing the ampullae in paraffin oil previously equilibrated with 5% CO 2 in air with no addition of culture medium (as described under Materials and Methods), thus allowing the embryos to escape from the tubes while maintained in the presence of their cumulus and undiluted tubal fluid. The dish was then incubated at 37ЊC for 1 h under an atmosphere of 5% CO 2 in air (containing approximately 21% O 2 ). At the end of this period, no nuclear HSF1 localization was observed (Fig. 1C) , ruling out the possibility that HSF1 mobilization to pronuclei was triggered by embryo exposure to the air O 2 concentration.
To determine whether the stress was due to the lack of a factor(s) present in the tubal fluid, we isolated the embryos in a drop of M16 supplemented with 20% fetal calf serum and then incubated them in vitro at 37ЊC for 1 h. This condition, however, did not prevent the pronucleus shuttling of HSF1 (Fig. 1D) , making it unlikely that the stress was due to the lack of a tubal factor(s) also present in the serum.
We finally evaluated the effect of embryo exposure to a slight variation in tubal fluid osmolarity. To this aim, we first determined that the normal osmolarity of mouse tubal fluid (a pool of tubal fluids obtained from different animals,
Expression profile of hsp70.1 mRNA in one-cell embryos during a developmental interval encompassing the S and the early G2 phases. A) In vivo: one-cell embryos were isolated from the tubes and immediately processed for RT-PCR assays at the times p.f. indicated above lanes; in vitro: onecell embryos were isolated, cultured in vitro, and then processed for RT-PCR assays at the times p.f. indicated above lanes; in vitro ␣-amanitin: onecell embryos were isolated, cultured in vitro in the presence of ␣-amanitin, and then processed for RT-PCR assays at the times p.f. indicated above lanes. Numbers below lanes indicate hsp70.1/S16 incorporation ratios [20, 31] . Panels indicate cDNA amplification bands obtained in a typical experiment. B) Histograms represent the mean Ϯ SEM of hsp70.1/S16 incorporation ratios, calculated with at least four samples (each consisting in a pool of five developing embryos) for each developmental time and obtained in three independent experiments. Asterisks above bars indicate a significant difference (P Ͻ 0.001) from time 1200 h, determined by ANOVA. C) Expression of hsp70.1, hsp70.3, and hsp90 in isolated growing oocytes and onecell embryos. One-cell embryos were allowed to develop in vivo or in vitro at the times p.f. indicated above lanes and then processed for RT-PCR assays. HS: cells received a heat shock.
as described in Materials and Methods) is 302 Ϯ 4 mOsm (mean Ϯ SEM of three repeated measures of the same sample). This value approximated the 285-292 mOsm values of standard mouse embryo culture media [35] . In the in vitro culture experiments, the embryos were isolated and constantly maintained under oil in the presence of their own tubal fluid (brought to 5 l by addition of fluid from other tubes) and within their intact cumulus, as described in Materials and Methods. Tubal fluid osmolarity was then modified by addition of 0.5 l of embryo-quality water or 300 mM NaCl in water, causing a final hypo/hypertonic variation of approximately 10% (i.e., approximately 270 and 330 mOsm, respectively). Embryos were then cultured in vitro for 1 h and eventually assayed for HSF1 immunolocalization as described above. Both H 2 O and NaCl additions consistently elicited a sharp HSF1 mobilization to pronuclei (Fig. 1, E and F) , ruling out the possibility that the HSF1 mobilization was triggered by embryo isolation from its cumulus and indicating that one-cell mouse embryos are extremely sensitive to an even small change in the osmotic environment per se. In contrast with HSF1, HSF2 was constantly localized to pronuclei irrespectively of the embryo culture in the presence of tubal fluid or M16 (Fig. 1, G and  H) and under all experimental conditions described above (data not shown).
In Vitro-Cultured One-Cell Embryos Undergo a Transient, HSF1-Dependent Transcription of the hsp70.1 Gene, But Not of hsp70. 3 
and hsp90
We then investigated whether the HSF1 nuclear mobilization described above was accompanied by transcriptional activation of stress-inducible heat shock genes, including hsp70.1, hsp70.3, and hsp90. In a first series of experiments we compared the levels of hsp70.1 mRNA in one-cell embryos cultured in vitro and maintained in vivo through a developmental interval encompassing the S and early G2 phases [11] (Fig. 2A) . In vitro-cultured embryos displayed a transient, 3.5-fold increase in hsp70.1 mRNA corresponding to the S phase and maximizing at 1530 h p.f., which was fully suppressed by ␣-amanitin and thus depended on de novo transcription (Fig. 2B) . Similar results were also observed in one-cell embryos deprived of the female pronucleus but not in those deprived of the male pronucleus (data not shown), showing that hsp70.1 transcription occurred, for the most part, if not totally, in the male pronucleus. In contrast with hsp70.1, levels of hsp70.3 and hsp90 mRNAs were not affected by embryo isolation in vitro nor by the administration of a heat shock (Fig. 2C) , showing full refractoriness of these genes to stress activation.
The finding that hsp70.1 was transiently transcribed in in vitro-cultured, one-cell embryos provided an opportunity to determine how this gene is regulated before its spontaneous activation at the early two-cell stage. To this end, we intranuclearly microinjected double-stranded oligodeoxyribonucleotides containing HSE, GAGA box, or GC box consensus sequences (Fig. 3, A and B) or antibodies raised to transcription factors HSF1, HSF2, dGAF, or Sp1 (Fig. 3, C and D), as previously described [20] . Embryos were then incubated for 2 h at 37ЊC and eventually processed for RT-PCR determination of their hsp70.1 mRNA content. HSE oligodeoxyribonucleotides reduced the amount of hsp70.1 mRNA to approximately 45% that of noninjected embryos, whereas mutated HSE oligodeoxyribonucleotides had no effect, ruling out the possibility of a nonspecific effect of the injection. No effect was observed with GAGA box oligodeoxyribonucleotides, whereas those carrying the GC box elicited a significant 25-30% increase in hsp70.1 mRNA. As for antibodies, anti-HSF1 antibodies significantly reduced the hsp70.1 mRNA content to approximately 55% of control embryos, whereas anti-HSF2 antibodies FIG. 3 . RT-PCR amplification assay of the hsp70.1 mRNA of mid-one-cell embryos, following the intranuclear injection of competing amounts of double-stranded oligodeoxyribonucleotides or antibodies. A) One-cell embryos received the injection of plain buffer (buffer) or saturating amounts of double-stranded GAGA box, HSE, GC box, mutated HSE (mutHSE), or mutated GC box (mutGC) oligodeoxyribonucleotides. Embryos were then cultured for 2 h and eventually processed for RT-PCR assay. Noninjected embryos were either immediately processed for RT-PCR assay (t0) or cultured for 2 h and then processed for the RT-PCR assay (noninj.). The panel shows a typical experiment. Numbers below lanes indicate hsp70.1/S16 incorporation ratios. B) Histograms represent the mean Ϯ SEM of hsp70.1/S16 incorporation ratios, calculated with at least six samples (each consisting in a pool of five injected/noninjected embryos) for each treatment and obtained in three independent experiments. Asterisks above bars indicate significant difference (** P Ͻ 0.001; * P Ͻ 0.05) from noninjected/buffer injected embryos, determined by ANOVA. C) Embryos received the injection of a 1/5 diluted solution of antibodies to HSF1 (␣HSF1), HSF2 (␣HSF2), Sp1 (␣Sp1), dGAF (␣dGAGA), or Sp1 preadsorbed with the antigenic peptide (preads Sp1) and were then treated as in A. The panel shows a typical experiment. D) Histograms represent the mean Ϯ SEM of hsp70.1/S16 incorporation ratios, calculated with at least six samples (each consisting in a pool of five injected/noninjected embryos) for each treatment and obtained in three independent experiments. Asterisks above bars indicate significant difference (** P Ͻ 0.001; * P Ͻ 0.05) from noninjected/buffer-injected embryos, determined by ANOVA. had no effect and anti-Sp1 antibodies significantly increased the amount of hsp70.1 mRNA, in agreement with results obtained with oligonucleotides. We therefore conclude that transient hsp70.1 transcription of in vitro-cultured, one-cell embryos depends on HSF1, but not on HSF2 or GAGA factor, while Sp1 is apparently inhibitory.
Isolated Growing Oocytes Display Nuclear HSF1 Localization and Canonical Activation of Both hsp70.1 and hsp70.3 Following Heat Shock
Because the dependence of hsp70.1 transcription on HSF1 indicated that one-cell embryos have an osmotic stress response, but not the ability to activate hsp70.3 following a heat shock, it was of interest to compare features of one-cell embryos with the canonical heat shock response of growing dictyate oocytes [29] . Interestingly, growing oocytes isolated from their follicles displayed a nuclear HSF1 shuttling similar to that of isolated one-cell embryos (Fig.  4, A and B) . The same feature was also observed in in vitro-isolated full grown oocytes (data not shown), which lack the heat shock response [38] . In contrast with embryos, no hsp70.1 transcription was ever observed in isolated growing oocytes under normal in vitro culture conditions. However, when the oocytes were subjected to a heat shock, a 3-fold, ␣-amanitin-sensitive increase in hsp70.1 mRNA content was observed (Fig. 4, C and D) . Interestingly, a similar heat shock-dependent transcription was also observed for hsp70.3, but not hsp90 (Fig. 2C) . Intranuclear injection of double-stranded HSE oligodeoxyribonucleotides (data not shown) or anti-HSF1 antibodies before the heat shock fully abolished the stress-dependent increase in both hsp70.1 and hsp70.3 mRNAs, whereas GAGA box FIG. 4. Nuclear HSF1 mobilization and hsp70.1 expression in growing dictyate oocytes. Similar features were displayed by the 20-30 oocytes examined for each experimental condition. A) Growing dictyate oocytes were fixed during the isolation procedure and were then processed for HSF1 immunolocalization. B) Growing dictyate oocytes were isolated from their follicle, then cultured in vitro for 1 h, and eventually processed for HSF1 immunolocalization. Bar ϭ 25 m. C) Growing dictyate oocytes received the injection of saturating amounts of antibodies to HSF1 (␣HSF1) or HSF2 (␣HSF2). Oocytes were then subject to heat shock, allowed to recover at 37ЊC in the absence or presence of ␣-amanitin (␣-aman), and eventually processed for RT-PCR assays. Control oocytes were constantly maintained at 37ЊC. The panel shows a typical experiment. Numbers below lanes indicate hsp70.1/S16 incorporation ratios. D) Histograms represent the mean Ϯ SEM of hsp70.1/S16 incorporation ratios, calculated with at least six samples (each consisting in a pool of five developing embryos) for each treatment and obtained in three independent experiments. Asterisk above bars indicates significant difference (P Ͻ 0.001) from 43ЊC, determined by ANOVA.
and GC box oligodeoxyribonucleotides and anti-Sp1 or anti-HSF2 antibodies had no effect (data not shown).
DISCUSSION
Since the original observations of BrdU incorporation in the male pronucleus of one-cell mouse embryos [1, 2] , the functional meaning of such an early transcriptional activity of a mammalian embryo has been unclear. In fact, RNA molecules synthesized at this stage and their encoded proteins, if any, still have to be identified, and their functional significance is still obscure. In this study, we have addressed this issue by identifying a gene expressed during the first embryonic S phase, the heat shock gene hsp70.1, which also represents one of the earliest zygotic genes spontaneously activated at the early two-cell stage. This has made it possible to directly compare the transcriptional regulation mechanisms acting on the same gene before and after the zygotic genome has been assembled into chromatin.
This study is based on the finding that one-cell embryo isolation from the tubes elicits a rapid HSF1 mobilization to both pronuclei, a feature that we also observed at the mid-two-cell stage, whereas HSF2 constantly maintains a nuclear localization. The HSF1 migration to nucleus as a consequence of embryo isolation in vitro is a strong indication that early preimplantation embryos have a stress response. This conclusion is in agreement with the previous finding that oocytes and one-cell/two-cell, but not four-cell, embryos of the mouse contain a strong heat-inducible activity of protein binding to a DNA probe carrying heat shock element consensus sequences [39] . Among various cell signaling pathways that mediate the stress-dependent HSF1 entrance to the nucleus and transcriptional activation in mammalian cells [40] [41] [42] [43] , it is unlikely that the rho protein Rac1 GTPase, a mediator of the redox-dependent stress response in mammals [44] , plays a relevant role in the embryos due to the inability of an increased O 2 partial pressure to elicit HSF1 mobilization to pronuclei. However, the possibility of Rac1 GTPase function cannot be ruled out with O 2 concentrations higher than were tested here. In contrast with oxidative stress, embryos were extremely sensitive to an osmotic shock as small as a Ϯ10% variation in medium osmolarity and this likely reflects a need of early embryos for protection from direct exposure to the tubal environment when the surrounding cumulus envelope is progressively lost. In this context, it is not surprising that hsp70.1 was transcriptionally activated in in vitro-cultured embryos, whereas hsp70.3 was fully silent and refractory even to a heat shock. Among the HSP70 heat shock gene family [45] , the hsp70.1 [46] and hsp70.3 [47] genes are typically inducible by stress in adult somatic tissues. These genes are located in a tandem array on the major histocompatibility complex region of the mouse chromosome 17 [48, 49] and code for two proteins differing at only two residues, suggesting a very similar function in stressed cells. In spite of their similar structure and responsiveness to heat shock, however, hsp70.1 and hsp70.3 respond differently to a number of stresses. In fact, hsp70.1 is activated by oxidative stress and hyperosmotic shock in somatic cell lines, whereas hsp70.3 is not [50] . Accordingly, hsp70.1-knockout mice are sensitized to osmotic shock and exhibit increased apoptosis in the renal medulla following administration of an osmotic stress in vivo [51] . Hsp70.1 thus has a pivotal role in mouse stress response and is the major cell protector against osmotic stress in the mouse. We therefore conclude that mouse one-cell and two-cell embryos are extremely sensitive to their osmotic environment and respond to an even small osmotic variation by HSF1 migration to the nucleus and specific activation of hsp70.1, but not of other stress-inducible heat shock genes. Even though the transcriptional activation of hsp70.1 by osmotic stress in somatic tissues is not yet understood [50] , present experiments with oligodeoxyribonucleotide and antibody microinjection have conclusively shown that hsp70.1 activation in mouse one-cell embryos depends essentially on HSF1. In this context, it is interesting to note that HSF1 is activated by either a hypo-or hyperosmotic stress [51] and that this transcription factor is very relevant to early preimplantation development of the mouse. In fact, mouse embryos lacking maternally derived HSF1 die at the one-cell/twocell stage in spite of their ability to spontaneously activate the hsp70.1 gene at the early two-cell stage [52] . Actual HSF1 function(s) in mammalian preimplantation embryos other than mouse has (have) not been characterized yet [53] .
A deeper insight on hsp70.1 transcriptional regulation was also provided by comparing in vitro-cultured one-cell embryos with heat-shocked growing oocytes, a cell type having a canonical heat shock response [29] . Results obtained in our experiments showed that these oocytes respond to the isolation from their follicle by a nuclear HSF1 migration similar to that of embryos, even though it was not accompanied by transcriptional activation of inducible heat shock genes unless the cells were preliminarily subject to heat shock. In this case, however, both hsp70.1 and hsp70.3 were activated, pinpointing the specificity of the osmotic stress response of one-cell embryos. As for transcription factors that mediate stress responses of one-cell embryos and growing oocytes, HSF1 was the essential mediator of hsp70.1 activation and mGAF was dispensable in both cell types. Sp1, however, was fully dispensable in growing oocytes and played an apparent inhibitory role in one-cell embryos. Sp1 plays a pivotal role as a positive transcriptional regulator during ZGA in the mouse [20] . The inhibitory role of Sp1 and the dispensability of mGAF in one-cell embryos represent the first indication that transcription factors relevant to zygotic gene activation undergo an activation process with zygotic genome assembly into chromatin. Sp1 is a highly phosphorylated and glycosylated protein [54] and may act as either positive or negative regulator of gene expression [55] . Even though the mechanism(s) of opposite Sp1 roles is (are) still unclear, it was shown that O-GlcN acylation of the Sp1 activation domain blocks the factor's ability to homo-/heterodimerize with other Sp1 molecules and/or the TATA-binding protein-associated factor II 110 [56] . Western-blot analysis of Sp1 electrophoretic mobility in growing oocytes and one-cell versus two-cell embryos (data not shown) showed similar mobility, making unlikely the possibility of factor regulation by phosphorylation. We therefore favor the possibility that Sp1 activation during early embryo development is mediated by heterodimerization with another transcription factor(s) such as mGAF [20] .
